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MICROSCOPY WITH SUPERCONDUCTING LENSES 
. Ferna/dez-Mo&n , P r o f e s s o r  of Biophys ics  

The r e s o l v i n g  power of the  e l e c t r o n  microscope has 
already enabled us t o  see d i r ec t ly  s t ructures  o f  molecular  
dimensions,  and the atomic spac ing  i n  c r y s t a l l i n e  l a t t i ce s  
(1-3). Although the  wavelength o f  e l e c t r o n s  i n  s t anda rd  
microscopes i s  100,000 times s h o r t e r  t h a n  the wavelength 
o f  l i g h t ,  the  performance of p r e s e n t  e l ec t romagne t i c  o r  
e l e c t r o s t a t i c  lenses i s  l i m i t e d  by a b e r r a t i o n s  t o  i-naable 
a p e r t u r e s  o f  1.5 o f  the best l i g h t  microscope lenses .  

Cor rec t ion  of  l e n s  a b e r r a t i o n s ,  s t a l d l i z a t i o n  o f  the 

l e n s  e x c i t a t i o n  c u r r e n t  and accelerat ing v o l t a g e  t o g e t h e r  
w i t n  improvement o f  e l e c t r o n  s o u r c e  character is t ics  are,  
t h e r e f o r e ,  among the major  i n s t r u m e n t a l  problems which 
must b e  so lved  b e f o r e  the  u l t b a t e  theoretical r e s o l u t i o n  
of about  2 angstroms i s  e f f e c t i v e l y  a t t a i n e d .  
f o c a l  l e n g t h  o f  a magnet ic  l e n s  i s  dependent on the elec-  
t r o n  energy ,  as w e l l  as on the l e n s  e x c i t a t i o n  c u r r e n t ,  
the  power s u p p l i e s  must c o n s i s t e n t l y  ma in ta in  a degree o f  
s t a b i l i t y  o f  1 t o  2 p a r t s  pe r  m i l l i o n  f o r  high r e s o l u t i o n .  

limits o f  conven t iona l  technology,  i t  would be highly de -  

s i r a b l e  t o  overcome the s i g n i f i c a n t  l i m i t a t i o n  imposed by 

the  s a t u r a t i o n  o f  the i r o n  po le  p i e c e s ,  t h u s  making i t  
p o s s i b l e  t o  d e s i g n  "s t ronger"  lenses o f  s h o r t e r  f o c a l  l e n g t h  
and cor respondingly  reduced a b b e r a t i o n s .  

A s  po in t ed  ou t  by Heidenreich,  a l l  o f  the  p e r t u r b a t i o n s  
that  affect  image qual i ty  and r e s o l u t i o n  i n t r o d u c e  d i f fuse-  
n e s s  i n t o  the  o b j e c t  p l a n e ,  and t h i s  u n c e r t a i n t y  in t roduced  
by the o b j e c t i v e  l e n s  i s  c u r r e n t l y  t h e  major  l i m i t i n g  f a c t o r  
i n  t h e  r e s o l u t i o n  o f  a tomic p o s i t i o n s .  Based on p rev ious  
work i n :  low-temperature e l e c t r o n  microscopy (5 ,  6 ) ,  t he  author 
has i n d i c a t e d  the unique  advantages t o  b e  de r ived  from t h e  
use o f  superconduct ing  e lec t romagnet ic  l e n s e s  opera t ing  at  

S i n c e  the  

I n  a d d i t i o n  t o  these c r i t i c a l  demands s t r a i n i n g  the  
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l i q u i d  helium tempera tu res ,  w i t h  regard  t o  both  in s t rwnen ta -  
t i o n  a n d  specimen p r e s e r v a t i o n .  With t h e  new h i g h - f i e l d  
superconduct ing so leno ids  o f  niobium-tin and niobiwn- 
zirconium now a v a i l a b l e ,  i t  i s  p o s s i b l e  t o  o b t a i n  l a r g e  
uniform magnetic f i e l d s  which are h igh ly  homogeneous t o  

and n o i s e - f r e e ,  when t h e  so lenoids  are  opera ted  at l i q u i d  
helium tempera tures  s h o r t  - c i r c u i t e d  , o r  i n  the " p e r s i s t e n t  
c u r r e n t  mode" under  a p p r o p r i a t e l y  c o n t r o l l e d  cond i t ions  (4 )  . 

A s  p a r t  of  a comprehensive program c a r r i e d  out i n  t he  
new e l e c t r o n  microscope f a c i l i t y  i n  t h e  Department of 
Biophysics  at  t h e  Univers i ty  of Chicago, we have performed the 
f irst  s u c c e s s f u l  e l e c t r o n  microscopy experiments  w i t h  h igh-  
f f e i d  superconduct ing s o l e n o i d  l e n s e s  ( 5 ) .  I n  a s e r i e s  of 
c o n t r o l l e d  experiments with a s p e c i a l l y  designed e l e c t r o n  
irilcmscope us ing  h i g h - f i e l d  superzondGcting niobium-zirconium 
s o l e n o i d  l e n s e s  ( s u p p l i e d  by t h e  Westinghouse Cryogenics 
System Department) i n  a n  open-air-core  , l i q u i d  helium D e w a r  
( F i g s - 1 ,  2) , e l e c t r o n  microscopic images of t es t  specimens 
have been recorded ( F i g .  3 )  whi le  o p e r a t i n g  at 32,200 gauss  
i n  a p e r s i s t e n t  c u r r e n t  mode w i t h  h i g h l y  r e g u l a t e d  a c c e l e r a -  
t i n g  p o t e n t i a l s  o f  4 t o  8 k V .  These p r e l i m i n a r y  experiments 
demonstrated the excep t iona l  s t a b i l i t y  of t h e  images over  
p e r i o d s  of  cont inuous opera t ion  o f  4 t o  8 hour s ,  and the  

r e l a t i v e l y  h igh  q u a l i t y  o f  the images. 
During t h e  p a s t  y e a r ,  t h e s e  experiments have been  

cont inued w i t h  d i f f e r e n t  types  of  e l e c t r o n  microscopes wi th  
superconduct ing so leno id  l e n s e s  o p e r a t i n g  at  4 to 32 k i l o -  
gauss  i n  a p e r s i s t e n t  cu r ren t  mode, wi thout  p o l e  p i e c e s  and  
w i t h  p o l e  p i e c e s  o f  v a r i o u s  k i n d s .  Poin ted  f i l amen t  sou rces  
and  h i g h l y  r e g u l a t e d  a c c e l e r a t i n g  p o t e n t i a l s  of 4, 6 ,  8 and  
50 k V  were used ,  t ak ing  s p e c i a l  p r e c a u t i o n s  t o  m i n i m i z e  
mechanical , magnet ic  and e l e c t r i c a l  f i e l d  p e r t u r b a t i o n s .  
These experiments ( 7  , 8 )  carried out  a t  e l e c t r o n - o p t i c a l  
m a g n i f i c a t i o n s  of 50 t o  4000 x u s i n g  r e p l i c a s  of d i f f r a c t i o n  

b e t t e r  than  1 p a r t  i n  10 6 t o  10 7 a n d  a r e  extremely s table  

t 
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Elec t ron  Nicroscopy w i t h  Superconducting Lenses. 

FIG. 3 (a ) -Elec t ron  micrograph of 200 mesh copper  specimen 
g r i d  recorded d i r e c t l y  on h igh  r e s o l u t i o n  photographic  p l a t e  
w i t h  h igh- f ie ld  superconducting l e n s  (32 ,200  gauss  i n  p e r s i s t e n t  
c u r r e n t  mode) i n  cryo-electron microscope without  po le  p ieces .  
6 kV a c c e l e r a t i n g  p o t e n t i a l .  O r i g i n a l  e l e c t r o n - o p t i c a l  magnif i -  
c a t i o n :  50 X. ( b )  Enlarged g r i d  s e c t i o n :  210 x. 



. 
g r a t i n g s  as tes t  specimens (F igs .  4,  5) have f u l l y  confirmed 
the e x c e p t i o n a l  s t ab i l i t y  o f  the  images and the i r  unimpaired 
high qua l i ty  ove r  extended p e r i o d s .  
on the sc reen  w i t h  a p r e c i s i o n  c u r r e n t  s e t t a b i l i t y  u n i t  manu- 
factured by Westinghouse Cryogenics D i v i s i o n .  Once c o r r e c t  
f o c u s  has been reached, t h e  superconduct ing  s o l e n o i d  i s  
s imply  p l aced  i n  the p e r s i s t e n t  c u r r e n t  mode, and the power 
supply removed. The images thus main ta ined  wi thout  any 
e x t e r n a l  c u r r e n t  s o u r c e  a r e  o f  an  unprecedented degree o f  
s t a b i l i t y ,  p e r m i t t i n g  exposures o f  30 seconds t o  s e v e r a l  
minutes  w i t h  microbeam i l l u m i n a t i o n  o f  low i n t e n s i t y  ( F i g s .  
4, 5) as compared w i t h  the normal exposure times o f  a f e w  
seconds  on ly  imposed by t h e  l e n s  i n s t a b i l i t i e s  i n  conven- 
t i o n a l  microscopes under  similar c o n d i t i o n s .  

A s  shown i n  Fig.  5 ( S ) , f i n e  d e t a i l  i s  d i s c e r n i b l e  i n  
n i c rog raphs  recorded  w i t h  a s f n g i e  l e n s  as a r e s u l t  o f  the 

i n t e g r a t e d  long-term exposure made p o s s i b l e  by the  high 

s t a b i l i t y  of the  superconduct ing l e n s .  
e x c e p t i o n a l  degree o f  s t a b i l i t y  has l e d  t o  a c r i t i c a l  su rvey  
and d e t e c t i o n  o f  o t h e r  sources  o f  mechanica l ,  magnet ic  and 
e l e c t r i c a l  p e r t u r b a t i o n s  which h=ld previously been nasked by 

the l e n s  f l u c t u a t i o n s  and r ipp le .  
P r e l i m i n a r y  experiments u s i n g  superconduct ing  l e n s e s  i n  

combination wimpoin ted  f i l a m e n t  s o u r c e s  appea r  promising 
f o r  r eco rd ing  holograms accord ing  t o  the Gabor d i f f r a c t i o n  
microscopy and wave r e c o n s t r u c t i o n  p r i n c i p l e  ( 9 ) .  
there are s t i l l  numerous e x p e r i m e n t a l  d i f f i c u l t i e s ,  these 
p re l imina ry  results and new obse rva t ions  on imaging phenomena 
wi th  superconduct ing  so leno id  l e n s e s  are p rov id ing  e s s e n t i a l  
data f o r  the des ign  o f  new types o f  m i n i a t u r i a e d  c r y o - e l e c t r m  
microscopes immersed i n  a l i qu id  helium c r y o s t a t ~ ( 6 ,  7 ) ,  and 
o f  a sgparate superconduct ing s o l e n o i d  o b j e c t i v e  l e n s  w i t h  
a p p r o p r i a t e  p o l e  p i e c e s  and s t i g m a t o r s  which may be  used i n  
c o n j e c t i o n  w i t h  modern high r e s o l u t i o n  e l e c t r o n  microscopes 
t o  replace the o b j e c t i v e  lens. 

The images are focused 

I n  f ac t ,  t h i s  

Although 
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Electron Microscopy rith Si perconducting Lenses. 

F I G .  5 (S)Electron micrograph of replica of 54,664 line per inch 
diffraction grating recorded with high-field superconducting lens 
in persistent current mode with pole piece at 50 kV,original electron 
optical magnification:X 220. Compare fine detail discernible in this 
micrograph as a result of the integrated long-term exposure possible 
due to high stability of superconducting lens, with corresponding 
control (N) which was recorded under identical conditions with same 
specimen using a commercial high resolution electron microscope with 
objective lens only.Fine structures seen in (S) are actually found when 
replica is examined at higher electron optical magnifications in stan- 
dard electron microscopes. 



AS p rev ious ly  descr ibed (5-7) , t h e  d e s i r a b i l i t y  of 
examining specimens at l i q u i d  helium tempera tures  would 
r e p r e s e n t  i n  i t s e l f  a major advantage f o r  the  b i o l o g i s t  and 
p h y s i c i s t  i n  pursu ing  t h i s  experimental  approach.  These 
"cryo-e lec t ron  microscopes" o p e r a t i n g  at tempera tures  of  lo 

t o  4' K would embody t h e  fol lowing d i s t i n c t i v e  features: 
(a )  h i g h l y  s t a b l e  superconduct ing e l ec t romagne t i c  lenses,  
e i ther  of the m i n i a t u r e  type ( t h i n  f i l m ,  o r  " t rapped flux") 
wi thout  po le  p i e c e s ,  o r  w i t h  po le  p i e c e s  of  i r o n  o r  p o s s i b l y  
the rare e a r t h  me ta l s  dysprosium o r  holmium which have a 
higher s a t u r a t i o n  va lue .  These l e n s e s  could be c o r r e c t e d  by 
a p p r o p r i a t e  superconduct ing s t i g m a t o r s ,  focused a n d  switched 
i n t o  the p e r s i s t e n t  c u r r e n t  mode f o r  maximum s t a b i l i t y ;  ( b )  

o p e r a t i o n  i n  the u l t r a h i g h  cryogenic vacuum at  l i qu id  helium 
tempera tures  r e s u l t i n g  i n  d e c i s i v e  advantages o f  minimized 
spec iqen  cont&.l?lination, specimen damage, and  thermal  noise ;  
( c )  optimum c o n d i t i o n s  f o r  b o t h  low-voltage ( i . e . ,  1-10 kV) 
and h igh-vol tage  e l e c t r o n  microscopy. 

c r y s t a l  f l u o r e s c e n t  s c r e e n s )  , e l e c t r o n i c  image i n t e n s i f i e r s  
and r e l a t e d  d e v I c p s  . ~ o u l d  make 2.t p o s s l b l e  t z l  iise high-speed 

cinematography and  s t roboscop ic  record ing  f o r  a t t a inmen t  of 
high temporal r e s o l u t i o n  combined w i t h  high spat ia l  r e s o l u -  
t i o n .  I n  p r i n c i p l e ,  such a "cryo-e lec t ron  microscope system" 
would a l s o  be an  ideal  device for c o n t r o l l e d  a p p l i c a t i o n  of 
e l e c t r o n  microbeams ( c a .  50 t o  500 8 diameter )  of p r e c i s e l y  
de f ined  d u r a t i o n  and i n t e n s i t y  f o r  u l t r a m i n i a t u r i z a t i o n ,  
s t o r a g e  of i n fo rma t ion ,  and i n  general ,  f o r  c o n t r o l l e d  ob- 
s e r v a t i o n ,  i r r a d i a t i o n  and manipulat ion of  hydra ted  b io logica l  
systems at  t h e  molecular  l e v e l  under c o n d i t i o n s  of  m i n i m u m  
p e r t u r b a t i o n .  

T h i s  work was supported by U.S. Atomic Energy Commission 
c o n t r a c t  AT (30-1) -1344, by g r a n t s  NB-04s7 and GM-13243 from 
t h e  Nat iona l  I n s t i t u t e s  o f  Heal th ,  by Grant  N s G  441-63 of the 
Na t iona l  Aeronaut ics  and  Space Adminis t ra t ion ,  by the  L. 

Addi t iona l  u s e  of high e f f i c i e n c y  image viewing ( s i n g l e -  
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